Background
Image-guided surgery has become the standard of care in neurosurgery 1, 2 with the first systems reported in the mid 1990s. Studies support improved accuracy and reduced OR times. These outcomes have led to lower morbidity and shortened inpatient hospital stays. 3, 4 Herline et al. described the first use of image guidance for liver surgery in 1999. 5 The paradigm of image-guided surgery is largely unchanged since these early systems: a sensor is used to track the position and orientation of the surgeon's tool. The anatomy of interest is mapped to highresolution preoperative images using a process called registration. Registration and tool tracking enable the surgeon to see the surgical tool superimposed on the preoperative patient image on a navigational display, as the instrument is manipulated (Fig. 1) . This review will describe the state of image-guided liver surgery and discuss future applications for MIS liver surgery.
Rationale
Partial hepatectomy has emerged as the most effective and the only potentially curative therapy for many primary and secondary hepatic tumors. 6, 7 This procedure can be technically challenging due to the distribution of tumors within complex vasculature and the need to maintain an adequate remnant liver volume with intact vascular inflow and outflow and biliary drainage. Ablation with microwave or radiofrequency devices is often combined with resection to adequately treat all visible disease in patients with liver tumors, or used in place of resection in select circumstances. Recent evidence supports the use of ablation instead of resection for treatment of small hepatocellular carcinomas. 8 In order to achieve an adequate tumor resection or ablation, with good oncologic outcomes and without injury to and needless sacrifice of adjacent normal hepatic parenchyma, the surgeon must have precise knowledge of the tumor location relative to the surrounding major vascular and biliary structures. With these factors in mind, image-guided liver surgery aims to enhance the precision of resection and ablation, while preserving uninvolved parenchyma and vascular structures.
Currently, in resection and ablative therapies, hepatic tumors are localized using a combination of preoperative imaging studies (computerized tomography (CT) and/or magnetic resonance imaging (MRI)) and intraoperative ultrasonography (US). Preoperative tomograms provide high resolution, 3D views of the tumor and surrounding anatomy. However, these images are static, do not take into account changes in the position of the tumor that can occur between the time the scans were completed and the time of surgery, and are also of limited utility during the parenchymal transection phase of the procedure due to organ manipulation. Intraoperative ultrasound is therefore used to provide valuable information regarding tumor location, which guides both resections and ablations. These images, however, are 2D, and this modality is more challenging once the resection begins. In patients treated with chemotherapy and in patients with abnormal liver parenchyma (steatosis or fibrosis/cirrhosis), US can fail to identify tumors seen on preoperative imaging; this has become an increasingly common problem in patients with hepatic colorectal metastases treated with preoperative chemotherapy. 9 In addition, US does not reliably distinguish between ablated and normal tissue, 10 further complicating the localization task in patients undergoing multiple ablations. The rationale for image guidance in the liver is to improve localization by mapping the intraoperative organ state to the high-resolution preoperative image.
Application of IGLS
With respect to surgical navigation for liver surgery, several groups have reported on preoperative planning and virtual resection, [11] [12] [13] [14] image overlays, 15 and intraoperative rigid/non-rigid registration strategies, 16, 17 but few systems are in routine clinical use. There are two FDA approved systems. Explorer (Pathfinder Therapeutics Inc.) was the first FDA-approved system for image-guided liver surgery (Fig. 2) . The system uses liver surface data acquired from a tracked probe to register to the preoperative model derived from CT/MRI. We reported our initial experiences with navigated RFA using Explorer, but the treatment population best suited to the technology remains to be determined. 18, 19 We have now used the device in hundreds of patients. Studies have shown that the system can create accurate three dimensional models and predict accurate resection planes and remnant volumes, 20 and can aid in difficult ablations. 18 Interim analysis of 18 patients in our prospective clinical trial for localizing small sonographically occult colorectal liver metastases suggests that patients with heavily treated livers can benefit from the Explorer system 21 but evaluation of the full cohort is needed (Fig. 3) . In May 2015, CAScination (Bern, Switzerland) received FDA approval for the CAS-One system developed at the University of Bern. The system is based on tracked US to CT registration using semi-automatically extracted vessel features. 22 Integration with the da Vinci Si System (Intuitive Surgical Inc., Sunnyvale, CA), qualitatively suggests improved visualization in a pilot study of two patients. 23 A case report of a patient with a complex hydatid cyst with biliary tree communication showed the promise of the system. 24 Limited data suggest slight reduction in incomplete (R1) resections 25 and benefit to a few individual patients 26 with guidance. To date, both the Explorer and CAS-One systems have been used primarily to demonstrate clinical utility, accuracy, and feasibility. As with neuronavigation systems, no randomized controlled clinical trials have been performed to assess the true impact on patient outcomes because determining relevant endpoints, which yield a sufficient number of patients, is difficult. 27 
Technical Considerations
Currently, there is no perfect solution to technical issues that continue to challenge adoption of image-guided liver surgery. Line of sight issues in the operating room workflow limit both the CAS-One and Explorer systems because optical tracking cameras require direct sight of the infrared-emitting markers placed on tracked tools. Efforts are being made by both groups to move to electromagnetic (EM) tracking, but there are issues with EM technology as well. EM tracking relies on a field generator, typically placed under the patient, to produce a low-intensity EM field. Sensors in the tool emit electrical signals dependent on the distance and angle of the sensor to the field generator. EM tracking is sensitive to interference with metallic objects: the operating table, LCD displays, lights, Carms, operating microscopes, and surgical instruments placed near the field generator affect the accuracy. [28] [29] [30] EM tracking accuracy varies unintuitively over the working volume of the sensors. 31 Fig . 2 Illustration of imageguided liver surgery using the Explorer system Fig. 1 A typical image guidance system: a sensor (camera) tracks the position and orientation of the tool and registration maps points collected with the tool to the preoperative 3D model of the patients Addressing organ shape change from the preoperative image to the intraoperative state is a technical hurdle that has hindered adoption. Current systems do not address this deformation, [32] [33] [34] which compromises registration (and therefore localization) accuracy, 35 fundamental to surgical navigation. Intraoperative motion and respiration effects further confound localization, with organ translation ranging from 10 to 75 mm during respiration. 36 Miga et al. describe high resolution intraoperatively acquired surface data provided by laser range scanning to drive mathematical models of deformation.
37 Figure 4 depicts the OR workflow with this approach and the resulting 3D surface of the liver. Studies report more accurate registration 38 with some intraoperative validation, 39 but the system has not been used to guide treatment. Laser range scanning is a source of rich 3D data but requires 30 s for acquisition, so some authors have turned to US as a real-time data source for non-rigid correction. [40] [41] [42] US registration is hindered by lack of surface detail for non-rigid matching. In addition, a liver with segments resected can be more difficult to register as surface features commonly used for registration are missing.
Toward Minimally Invasive Use
Minimally invasive (MI) liver surgery has been slow to gain widespread practice due to the complexity of liver anatomy because many of the visual cues of open surgery are missing. In addition, MI liver ablations are technically more challenging than open ablations due to difficulties with laparoscopic ultrasound and ensuring accurate placement of the ablation probe. Thus, MI liver surgery is the optimal technique for application of image guidance. Similar to open systems, existing laparoscopic image guidance systems are prototypes, not used for routine clinical evaluation. For example, LapAssistent is a system developed for laparoscopic RFA with electromagnetically tracked US with some reports on the feasibility. [43] [44] [45] The University of North Carolina at Chapel Hill has developed a similar prototype system with some work on technical feasibility. 46 Like many of the prototype systems, this system relies on the Aurora electromagnetic tracking system (Northern Digital, Waterloo, ON, Canada) for position sensing. Other prototype systems exist 16, 47 but none have been evaluated with respect to improvements in patient outcomes. We evaluated the Explorer system for laparoscopic use demonstrating that the pneumoperitoneum does not change the model created by the system. 19 Additional reports have described laparoscopic image-guided ablations with the Explorer system. 48 As improvements to intraoperative registration improve in image guidance systems, it is possible that complex liver resections will be performed with fewer difficulties while remaining oriented and ensuring adequate margins. Fig. 3 Tumor successfully located with guided US: (left) green probe indicates tumor in CT on the image-guidance display and (right) yellow arrow indicates tumor. Tumor was not found using standard US alone Fig. 4 Laser range scanner positioned over patient in the operating room and a high-resolution 3D surface of the liver acquired intraoperatively using a laser range scanner
Future Directions
The current navigational technologies provide intraoperative guidance for a single reference point in time; once the liver is disturbed, either through patient respiration or surgical manipulation, registration must be repeated or else accuracy is lost. An ideal system would provide real-time localization feedback to the surgeon as new data are continually incorporated into the display so that information is immediate and decisions are informed with minimal impact on surgical workflow. It is conceivable for current systems to evolve so that high definition imaging models guide liver resections and ablations in both open and minimally invasive operations to improve the speed, accuracy, and outcomes of liver surgery.
